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Inhibition of bacterial and fungal
pathogens by the orphaned drug
auranofin

Background: We identified auranofin as an antimicrobial compound utilizing a high-
throughput screen using a Caenorhabditis elegans—-Staphylococcus aureus infection
model. Results/methodology: Treatment of infected nematodes with auranofin
resulted in a prolonged survival rate of 95%, reached with 0.78 pug/ml. Further
investigation of the antimicrobial activity of auranofin found inhibition against
S. aureus, Enterococcus faecium and Enterococcus faecalis. Importantly, the fungal
pathogens Cryptococcus neoformans was also effectively inhibited with an MIC at
0.5 ug/ml. Auranofin appears to target the thioredoxin system. Conclusion: This work
provides extensive additional data on the antibacterial effects of auranofin that
includes both reference and clinical isolates and reports a novel inhibition of fungal
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With the rising emergence of drug-resistant
pathogens, both bacterial and fungal, there
is a need for new antimicrobial compounds.
Staphylococcus aurens has emerged as a sig-
nificant Gram-positive bacterial pathogen,
presenting drug-resistant strains such as
methicillin-resistant S. aureus (MRSA) and
vancomycin-resistant  S. aureus. In 2005,
94,000 life-threating infections were attrib-
uted to S. aureus (1]. The increased prevalence
of antimicrobial resistance is not just restricted
to bacterial pathogens; it can also be found
among fungal microbes. Common medica-
tions provided for fungal infections are the
azole group of drugs. In a study conducted
between 2010 and 2012, 496 clinical isolates
of fungi were collected and evaluated for anti-
fungal resistance. Among the pathogens eval-
uated fluconazole resistance was found among
Candida glabrata (6.8%), Candida parapsilosis
(5.7%) and Candida tropicalis (3.6%) [2]. For
example, in a 5-year study between 2008 and

2013 conducted in Atlanta, Georgia and Bal-
timore, Maryland, researchers identified 3848
candidemia blood stream infection cases. The
study identified an increasing trend in the
number of cases with echinocandins resis-
tance, increasing from 1.2 to 2.9% (147%
increase) in Atlanta, and increasing from 2.0
to 3.5% (77% increase) over the course of the
study in Baltimore [3].

There is an increasing concern for resis-
tance for other pathogens. Especially, for
the infectious fungal pathogen Cryptococcus
neoformans, treatment is largely dependent
upon amphotericin B and azole drugs. In
particular, fluconazole is provided as main-
tenance therapy. In a survey performed in
China that included 426 clinical isolates,
2% of the C. neoformans strains were found
to be fluconazole resistant [4]. In a report
from Kenya, 3% of a collection of 67 C. neo-
formans isolates exhibited MICs equal to
16 pg/ml. Within the same study, 10% of the
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isolates had an MIC to 5-flucytosine between 8 and
16 pg/ml [5]. In a 2007 surveillance study in Kenya,
fluconazole resistance was reported at 11.2% with
MICs >64 pg/ml [6]. Among a group of 27 patients
from South Africa that experienced cryptococcal men-
ingitis relapse, 76% presented with fluconazole resis-
tance and experienced a high mortality rate of 54%
within 6 months of follow-up [7].

In an effort to discover new antimicrobial drugs we
screened a collection of US FDA-approved compounds
using a Caenorhabditis elegans—S. aureus infection
model [8]. The anti-inflammatory, auranofin, was iden-
tified to have the ability to inhibit an infection within
the nematode. As an anti-inflammatory compound,
auranofin has been used to treat arthritic conditions
and previous groups indicate that auranofin can exhibit
antimicrobial activities. Bacterial pathogens found to
be susceptible to auranofin include Clostridium diffi-
cile, Treponema denticola and Pseudomonas putida [9-11).
Both C. difficile and T. denticola had a reduction in
selenoproteins, as a result of auranofin exposure and
investigation of microbial inhibition by auranofin has
provided evidence that the drug binds to hydrogen
selenide, blocking selenium utilization by bacteria,
preventing selenoprotein synthesis [9]. The function of
blocking selenoproteins appears to also be conserved in
parasitic worms as well and x-ray crystallography dem-
onstrates the binding of thioredoxin-glutathione reduc-
tase with auranofin. We found that the antimicrobial
capacity of auranofin extends beyond S. awureus and
bacteria, inhibiting fungi and we report our findings on
the most important resistant bacterial pathogens (often

represented with the acronym ESKAPE for: pathogens:
Enterococcus faecium, S. aureus, Klebsiella pneumonia,
Acinetobacter baumannii, Pseudomonas aeruginosa and
Enterobacter spp.) and two important fungal pathogens
C. neoformans and Candida spp.

Materials & methods

Strains & culture conditions

Bacterial and fungal reference strains used in the
described studies are listed in Table 1. Bacterial strains
were grown at 37°C and fungal cultures were grown
at 30°C, unless otherwise stated. All bacterial and
fungal cells were stored at -80°C until needed. The
clinical isolates were derived from the USA (Massachu-
setts General Hospital, MA, USA) and China (made
available by BEI Resources).

Infection assay
The screening methodology has been described previ-
ously (8]. Our high-throughput screening (HTS) assay
sought to identify compounds that exhibited prolonged
survival of worms infected with the MRSA strain MW2.
In brief, each well of a 384-well plate (Corning no.
3712) received 0.1 pl of compound at a concentration
of 2 mg/ml in dimethyl sulfoxide (DMSO) for a final
evaluated concentration of 2.86 pg/ml for the assay.
The Biomol 4 library (Enzo Life Sciences, NY,
USA), consisting of 640 FDA-approved drugs, was
screened in search of compounds that improved the
survival of §. aureus-infected worms. The positive con-
trol for the assay was vancomycin, at 10 pg/ml, while
1% DMSO was included as the negative control. Plates

Table 1. Microbial strains used in this study.

Name

Bacteria

Staphylococcus aureus
Enterococcus faecium
Klebsiella pneumoniae
Acinetobacter baumannii
Pseudomonas aeruginosa
Enterobacter sp.

Bacillus subtilis
Enterococcus faecalis
Fungi

Candida albicans
Candida glabrata
Candida parapsilosis
Candida tropicalis

Cryptococcus neoformans

Strain

Mw2

2421

77326
ATCC 17978
PA14

KCTC 2625
PY 79
MMH 594

SC5314 (CAN14)
ATCC 90030
ATCC 22019
ATCC 13803
KN99a
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Screen workflow

Procedure

Compound dispensing

Addition of S. aureus
(OD600 = 0.15)

Dispense worms

Incubation at 25°C for 5 days

Wash assay plates

Sytox orange added to assay
Incubation at 25°C overnight

Image capture
Image analysis

Equipment

Multidrop Comb
icroplate Dispenser
ermo Scientific

COPAS - Union
Biometrica

Multidrop Comb
icroplate Dispenser
hermo Scientific
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Devices
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Institute

Figure 1. Workflow chart of the screening methodology. Screening chemical compound collections involved co-
incubation of Caenorhabditis elegans with Staphylococcus aureus and US FDA-approved compounds. Screening
equipment was used to facilitate evaluation of the compounds in a 384-well format.

were seeded with MW2 S. aureus that was grown over-
night in tryptic soy broth (TSB) under aerobic condi-
tions then seeded into fresh TSB media for additional
overnight growth at 37°C under static growth condi-
tions by adding 100 pl of the agitated culture to 10 ml
of fresh TSB (Figure 1). The MW2 culture was added
to 384-well plates at a final concentration of 0.15 OD |
at a volume of 35 pl.

During the infection process, synchronized worms
at the early adult stage of development were dispended
into MW2 seeded 384-plates, depositing 15 worms per
well using a Union Biometrica Complex Object Para-
metric Analyzer (COPAS Biosort). glp4::sekl worms

were employed for this assay because the g/p4 mutation
renders the worms susceptible to pathogen infection,
and the sek! mutation provides the convenience of
not producing progeny when incubated at 25°C. Prior
to being dispensed into the assay plates, worms were
maintained on SK media plates and were provided
Escherichia coli HB101 as a food source. Worms were
harvested and washed with M9 buffer.

The total volume for the HTS assay plate was 70 pl,
comprised of 70% M9 buffer, 19% sheath solution
(Union Biometrica Part no. 300-5101-000), 10% TSB
and 1% DMSO or compound dissolved in DMSO.
Plates were incubated at 25°C with 80-85% humidity
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Figure 2. Worms survival was improved through
exposure to auranofin. (A) Brightfield and fluorescent
images of worms infected with Staphylococcus aureus
and incubated with auranofin, dimethyl sulfoxide

or vancomycin. Both auranofin and vancomycin

show a lack of staining with Sytox indicating worm
survival. (B) When a series of drug concentrations
were interrogated for worm survival, it was found
that Caenorhabditis elegans survived after S. aureus
infection at even very low concentrations of auranofin,
comparable to vancomycin.

DMSO: Dimethyl sulfoxide.

for 5 days before being washed six-times with a micro-
plate washer (BioTek ELx405) to remove bacteria from
the wells. A volume of 10 pl of M9 was left in the wells
after the washing process and 60 pl of 1.4 uM Sytox
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Figure 3. Chemical structure of auranofin.

Orange (Life Technologies), which stains the nucleic
acids in cells with compromised membranes, indicat-
ing a dead worm, was added to each well. The stained
plates were covered with a Breathe-Easy membrane
(Diversified Biotech) and further incubated overnight
at 25°C with 80-85% humidity.

Stained worms were imaged with an ImageX-
press  Microscope (Molecular Devices, Sunny-
vale, CA, USA), capturing both bright field and
TRITC (535 nm excitation, 610 nm emission) fluo-
rescent images. Collected images were analyzed with
CellProfiler analysis software [12] from the Broad
Institute. The software facilitated the interrogation
of the stained and unstained worms to determine the
ratio Sytox stained worm area observed in fluorescent
imaging compared with the worm area captured in
the bright field image. The Z score for each of the
wells was calculated using the formula Z = (x-p)/c
where x is the raw score (generated in CellProfiler), p
is the mean of the population and o is the standard
deviation of the population.

Disc-clearing assay

The disc diffusion test was performed on yeast extract,
peptone, dextrose (YPD) for fungal cultures. The
assay was repeated three times. Discs were soaked in
10 pl of either DMSO or 10 mg/ml compound stock
solution and air dried. Three hundred microliters of
an overnight culture of fungi were spread on plates.
After completely drying the agar plate in a laminar
flow hood, DMSO or compound impregnated discs
were overlaid on the plate and incubated at 35°C for
18 h. Antimicrobial susceptibility was determined by
presence of a zone of inhibition.

Minimal inhibitory concentrations

Compounds (10 mg/ml stock solution in DMSO) were
tested by broth microdilution, in triplicate, in 96-well
plates. To test the bacterial MICs for compounds, the
total volume in each well was 100 pl of test compounds
and bacterial cells in MH broth. Two-fold serial dilu-
tions were carried out to get compounds in the concen-
tration range 0.0625—64 pg/ml. The bacterial concen-
tration was adjusted to an initial ODG600 of 0.03. After
incubation at 35°C for 18 h, the absorbance was mea-
sured at 595 nm in accordance with CLSI document
MO07-A8 [13].

To interrogate the compound MIC against fungal
cultures, colonies of C. neaformans (strain KN99a) and
C. albicans (strain CAN14) were inoculated in 5 ml
of YPD media overnight at 30°C. The cells were har-
vested by centrifugation at 4000 RPM for 5 min and
washed with phosphate buffered saline (PBS); the cell
pellets were resuspended in RPMI 1640 medium. The
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cell count was calculated with a hemocytometer and
adjusted to be between 5.0 X 10 to 2.5 X 10° cells/ml.
Compounds were prepared and added to RPMI 1640
medium at 2X the final concentration. MIC was deter-
mined in 96-well plates, working volume per well was
100 pl (50 pl compound + 50 pl cells). For C. albicans,
OD595 was read after incubating the plate at 35°C for
24 h. For KN99a,, OD595 was read after incubating
the plate at 35°C for 70 h in accordance with CLSI
document M27-A2 [14].

S. aureus
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—&— DMSO"
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i
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Static versus cidal assessment
The minimum bactericidal concentration was deter-
mined as follows. In total, 10 ul of bacterial culture
from each microwell of the MIC assay was plated on
MH agar and incubated at 35°C overnight. The low-
est compound concentration at which there was no
bacterial colony growth was considered the minimum
bactericidal concentration.

The minimum fungicidal concentration was deter-
mined as follows. In total, 10 pl of yeast culture from
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Figure 4. Auranofin inhibits additional bacterial pathogens. (A) MICs were determined for the bacteria susceptible
to auranofin: Staphylococcus aureus, Enterococcus faecium and Acinetobacter baumannii. (B) The static versus
cidal nature of the inhibition was tested by plating out cells that were exposed to the various concentrations of
auranofin. Growth at the MIC or higher indicated that auranofin was bacteriostatic. Lack of growth indicated that

auranofin was bactericidal.
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Table 2. Drug MIC for Staphylococcus aureus clinical isolates.

Isolate Vancomycin
BF1
BF2
BF3
BF4
BF5
BF6
BF7
BF8
BF9
BF10
BF11

Concentrations are in ug/ml.

N N N N N N NN DM NN

Oxacillin Auranofin
>64 0.25
>64 0.25
32 0.25
16 0.25
>64 0.5
1 0.25
>64 0.25
>64 0.5
0.25 0.25
>64 0.5
>64 0.25

each microwell of the MIC assay was plated on YPD
agar and incubated at 35°C overnight. The lowest com-
pound concentration at which there was no fungal col-
ony growth was considered the minimum fungicidal
concentration [15].

Checkerboard assays

The antimicrobial activity of a combination of aurano-
fin with other agents was determined through a checker-
board assay. Briefly, the compounds whose combinations
were being tested were arrayed in serial concentrations,
vertically for one compound and horizontally for the
other compound in the same 96-well microplate. The
rest of the procedure involving addition of bacteria and
measurement of growth was carried out as described in
the previous section for measurement of MIC.

The fractional inhibitory concentration (FIC)
index for two compounds, A and B, is defined by
the following equation: FIC = ([A/MIC?] + [B/
MIC?]) (16]. MIC* and MICP® are MICs of compound
A or B, respectively. A is the lowest concentration
of compound A in combination with compound B
that inhibits bacterial growth and B is the lowest

concentration of compound B that inhibits bacteria
growth. An FIC <0.5 indicates synergism between
the compounds being tested, greater than 2 suggest
antagonism.

Results

Compound identification

We identified the antimicrobial activity of auranofin
against S. aureus using a whole-animal infection model.
During this screen, a collection of 640 FDA-approved
compounds (provided by Harvard Medical School Insti-
tute of Chemistry and Cell Biology Screening Facility)
was screened to identify compounds that improve the
survival of the nematode C. elegans infected by S. aureus,
normally responsible for a lethal infection [8.17].

After a 5-day incubation period, worms were
stained with Sytox orange, a nucleic acid stain. The
detection of the fluorescent worms indicated cell dam-
age and was a marker for dead worms and was com-
pared with treatment with vancomycin (10 pg/ml) as
a control [8,18,19] (Figure 2A). Auranofin, 2,3,4,6-tetra-
o-acetyl-1-thio-D-glucanpyranosato-S-(triethyl-
phosphine), a monomeric gold(I) species where the

Table 3. Drug MIC for Enterococcus faecium clinical isolates.

Isolate Chloramphenicol
C68 16

D14 8

D24 4

D25 8

D29 64

W312 8

WC176 16

Concentrations are in pg/ml.

Vancomycin Auranofin
>64 1
2 1
1 1
1 1
2 1
>64 1
1

>64
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triethylphosphine group stabilizes the gold thiol com-
plex [20] (Figure 3), was identified with a Z score of
18.06 and 13.06 in two replicates, a Z score greater
than 3 was considered a hit within our screen. The
lack of staining and prolonged survival of the worms
(Figure 2B) suggests that auranofin could inhibit the
S. aureus infection in vivo either by means of inhibit-
ing the bacteria or promoting immune responses in
the host.

A range of drug concentrations were evaluated
to monitor the effects on prolonging the survival
of S. aureus infected C. elegans. Both vancomycin and
auranofin improved the survival of infected worms
(p < 0.01), auranofin reaching 95.9% nematode sur-
vival at 0.78 pg/ml. A 95% nematode survival was
achieved for vancomycin at 1.56 pg/ml.

Antibacterial activity of auranofin

Since the antistaphylococcal activity of auranofin has
been described [21], we investigated some of the most
medically relevant pathogens, testing the ESKAPE bac-
terial pathogens (E. faecium, S. aureus, K. pneumoniae,
A. baumannii, P. aeruginosa and Enterobacter) for sus-
ceptibility to auranofin. We found that auranofin was
able to inhibit S. aureus and E. faecium and A. bau-
mannii, affecting both Gram-positive and a Gram-
negative bacteria. The MICs against these pathogens
were 0.25 pg/ml, 0.5 pg/ml and 32 pg/ml, respectively,
(Figure 4A) and the inhibition of the bacterial strains
was bacteriostatic at the MIC concentration but bacte-
ricidal at higher concentrations (Figure 4B). These find-
ings indicate that auranofin is effective against other
medically important bacteria, in addition to S. aureus,
and the MICs are lower for Gram-positive pathogens.

B. subtilis
0.8 -
—e— Vancomycin"
0.7 —@— Auranofin"

0.0625
0.125
0.25
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We investigated further the effects of auranofin
against Gram-positive bacteria. First, we investigated
if auranofin inhibits an array of clinical isolates, par-
ticularly MRSA strains, or whether the inhibition we
observed was restricted to the reference strain MW2.
We found that the MIC for auranofin for all 11 isolates
was less than or equal to 0.5 pg/ml (Table 2).

Since the MIC against E. faecium was also low,
0.5 pg/ml, we examined if auranofin could successfully
inhibit clinical isolates of this pathogen as well [22].
Indeed, we found that auranofin had a low MIC of
1 pug/ml against E. faecium clinical isolates, including
strains that exhibited resistance to chloramphenicol
and vancomycin (Table 3). These findings suggest that
auranofin is able to inhibit multiple bacterial patho-
gens and the activity is not restricted to laboratory ref-
erence strains.

With such low MICs against two Gram-positive
bacteria within the ESKAPE collection, we expanded
our interrogation of bacterial strains to E. faecalis (and
included Bacillus subtilis as a control). Both B. subtilis
and E. faecalis indicated clearing around the auranofin
disc (Figure 5). The MIC of auranofin again B. subtilis
is 0.5 pg/ml (Figure 5A), and 1 pug/ml against E. faeca-
lis (Figure 5B). Both bacteria are highly susceptible to
auranofin.

The target of auranofin was investigated based on
known molecular interactions between auranofin and
thioredoxin reductase where it functions as a thiore-
doxin system inhibitor, binding directly to thriore-
doxin-glutathione reductase of Schistosoma mansoni,
Giardia lamblia and Echinococcus granulosus [23-25).
Interestingly, we found that auranofin is more active
against Gram-positive bacteria that have a thiore-

E. faecalis

—e— Vancomycin"
—- Auranofin”

0.0625 —
0.125
0.25

Figure 5. Gram-positive bacteria inhibited by auranofin. (A) The MIC was determined to be 0.5 ung/ml against
Bacillus subtilis and (B) 1 pg/ml against Enterococcus faecalis.
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Figure 6. Glutathione antagonizes auranofin inhibition and oxide stress is synergistic (for part C, see facing page).
(A) Staphylococcus aureus is inhibited by auranofin. However, the MIC is increased in the presence of glutathione.
(B) The same antagonism is found against auranofin that was found to inhibit Enterococcus faecium. The color
chart provided indicates that concentration of auranofin that was interrogated. (C) In the presence of menadione,
Staphylococcus aureus exhibited increased susceptibility to auranofin, lowering the MIC to 0.125 pg/ml.

doxin system, but are glutathione deficient [26]. Thus
we introduced glutathione to see if it would antago-
nize the inhibition of auranofin. In both §. aureus
and E. faecium, glutathione reduced the inhibitory
effect of auranofin and resulted in higher MICs
(Figure 6A). More specifically, in this series of experi-
ments, the MIC of auranofin against S. aureus was
0.5 pug/ml but was increased to 1 pg/ml in the presence
of 31.25 pg/ml of glutathione and even 8 pg/ml in the
presence of 125 pg/ml glutathione. E. faecium exhib-
ited similar findings, exhibiting an MIC of 0.5 pg/ml

is this assay in the absence of glutathione. However, the
MIC increased to 8 pg/ml with the antagonistic effect
of 125 pg/ml glutathione (Figure 6B). Glutathione
alone did not inhibit either of the bacteria strains, thus
suggesting antogonsitic activity specific to auranofin.
Therefore, suggesting that auranofin is also targeting
the thioredoxin system of S. aureus and E. faecium.
Since the thioredoxin system plays a role in protecting
cells from oxide stresses experienced in the host environ-
ment [26], we exposed S. aureus to various oxide stresses
in combination with auranofin. We found that hydrogen
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peroxide did not provide any synergistic activity to aura-
nofin mediated inhibition of S. aureus. The addition of
diamide marginally reduced the MIC of auranofin from
0.5 pug/ml to 0.25 pug/ml in the presence of 1000 pg/ml
diamide, a thiol oxidizing agent. However, menadione,
which generates superoxides, demonstrated synergistic
activity with auranofin, with an FIC of 0.5, reducing
the auranofin MIC from 0.5 to 0.125 pg/ml (Figure 6C).
Thus, suggesting that the thioredoxin system plays a role
in defending against superoxide stressors. It also indi-
cates that compounds that elicit increases in superoxides
could function synergistically with auranofin.

Antifungal activity
As detailed in the previous section, our investigation of
the molecular target of auranofin found that the thiore-
doxin system is the likely inhibited target of Gram-pos-
itive bacteria. The thrioredoxin system is conserved in
both prokaryotic and eukaryotic organisms with devel-
oped differences. We investigated the effect of aurano-
fin against fungi that rely on thioredoxin reductase for
oxidative stress resistance. In C. neoformans, thioredoxin
reductase (TRR1) is essential for viability [2728]. Thus,
there was the potential that fungi could be inhibited by
auranofin if it did indeed target the thioredoxin system.

By testing the microdilutions of the compounds in
a liquid assay, we determined that the MIC of aura-
nofin was 8 pug/ml against C. albicans (Figure 7A) and
0.5 pg/ml, against C. neoformans (Figure 7B). The
compounds exhibited fungistatic activity against
C. albicans, however fungicidal activity was reached
against C. neoformans at concentrations greater than
2 pg/ml (Figure 7C).

Although C. albicans was not as susceptible
to auranofin as C. neoformans, we investigated if

Antimicrobial activity of auranofin  Preliminary Communication
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m 1"
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m 0.25"
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m 0"

non-albicans Candida spp. were susceptible to the
compound, testing C. glabrata, C. parapsilosis and
C. tropicalis (Table 1), some of the most medically
relevant fungal non-albicans Candida spp. Indeed,
we were able to find zones of inhibition when tested
against Candida glabrata. (Figure 7D). Further inves-
tigation of the reference strain and three C. tropicalis
clinical isolates demonstrated MICs that ranged from
0.125 to 1 pg/ml, demonstrating the antifungal effect
against this non-albicans strain (Table 4). Interrogation
of C. glabrata clinical isolates found an inhibition at
0.25-32 pg/ml (Table 5). Out of the 15 clinical isolates
examined, 13 exhibited sensitivity to auranofin, but 2
isolates were resistant. Thus our findings indicate that
auranofin is effective at inhibiting fungal pathogens
as well as bacterial pathogens, inhibiting both fungal
clinical isolates and reference strains.

Since there was some inhibition found against
C. albicans, we also interrogated the ability of aurano-
fin to inhibit biofilm. We found that C. albicans biofilm
formation was not significantly reduced by auranofin.
There was only reduction achieved with the addition of
32 pg/ml (Supplementary Figure 1).

Among the fungal pathogens examined, more sig-
nificant inhibition was found against the fungal patho-
gen C. neoformans. Interrogation of C. neoformans
clinical isolates indicates that the inhibitory activity of
auranofin was conserved among the 11 isolates tested,
ranging from 2 to 8 pg/ml (Table 6).

Much like the bacterial pathogens, we found that
glutathione is able to antagonize the inhibition by
auranofin. The MIC to auranofin was increased from
0.125 pg/ml in our assay to 4 pug/ml with 62.5 pg/ml
glutathione (Figure 8). The inhibition concentration was
increased to 16 pg/ml with auranofin in the presence
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of 250 pg/ml glutathione. Glutathione alone did not
inhibit the fungal cells at concentrations <500 pg/ml.
Again, the targeted mechanism of auranofin inhibition
in fungal cells is suggested to be the thioredoxin system.

The sensitivity of C. neoformans to oxidizing agents
was tested in combination with auranofin to evaluate

—- DMSO"
—A— Fluconazole"
—x— Auranofin"

)

C. albicans

OD 595 nm (")

T
0
al
©
=
o

if thioredoxin can inhibit oxide stress. We found that
the MIC of auranofin was reduced in the presence of
diamide to 0.0625 pg/ml, and in combination with
hydrogen peroxide to 0.0325 pg/ml, but it did not con-
stitute the level of synergism, only an additive effect.
There was no change in the presence of menadione.
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@
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Figure 7. Auranofin inhibits fungal pathogens. (A) The MIC was determined for Candida albicans and (B)
Cryptococcus neoformans fungi. (C) The static versus cidal nature of the inhibition was examined for the various
auranofin concentrations. Growth at concentration equivalent or higher than the MIC indicated that aurnaofin
was fungistatic and inhibition of growth indicated fungicidal activity. (D) Additional non-albicans Candida strains
were tested for susceptibility to auranofin. A zone of inhibition was identified for each of the Candida strains

(A: Auranofin, D: DMSO, F: Fluconazole).
DMSO: Dimethyl sulfoxide.
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Isolate Isolate Fluconazole Amphotericin B Auranofin
ATCC 13803 Reference 8 1 1

1 Clinical 0.5 0.5 0.125
85-S Clinical 1 0.125 0.125
172-S Clinical 2 0.5 0.5
Concentrations are in pg/ml.

Antimicrobial activity of auranofin  Preliminary Communication

Table 4. Drug MIC for Candida tropicalis isolates.

The most common antifungal compounds uti-
lized against fungal infections are amphotericin B
and fluconazole. Therefore, we investigated whether
any synergistic activity could be found with aurano-
fin. The 2 FICs for amphotericin and fluconazole in
combination with auranofin were 1 and 2, respectively
(Supplementary Figure 2). Thus, there were additive
effects but not synergism.

Discussion

Auranofin has been shown to inhibit S. awureus [2129],
Mycobatcerium tuberculosis 29] and the parasites Schisto-
soma mansoni, Entamaeba bistolytica and Giardia lamblia
have also demonstrated susceptibility to auranofin, both
in vitro and in vivo [23,2430]. The platyhelminth Echino-
coccus granulosus are susceptible to auranofin, inhibiting
larval worms at 2.5 UM 7z vitro. In the case of all of the
parasitic inhibition, auranofin was found to disrupt the
thioredoxin—glutathione system where thioredoxin glu-
tathione reductase acts as a key enzyme [24,2530]. In this

report, we demonstrate the novel antifungal activity that
is associated with targeting the thioredoxin system. Also,
we expand what is known about the antibacterial activity
of auranofin. We report that auranofin is active against
S. aureus in the in vivo C. elegans model and that this
compound is active against other Gram-positive bacteria,
such as E. faecium and E. faecalis, that are not inhibited
by the full array of available antimicrobial agents, and
B. subtilis. Also, we extend these findings by demonstrat-
ing that it inhibits not only laboratory reference strains,
but also clinical isolates of bacteria and fungi.
Jackson-Rosario et a/. demonstrated that auranofin
binds selenium, a catalyst in energy metabolism that
affects redox balance [9.11]. Investigation of microbial
inhibition by auranofin has provided evidence that
the drug binds to hydrogen selenide, blocking sele-
nium utilization by bacteria, preventing selenoprotein
synthesis [9]. The function of blocking selenoproteins
appears to also be conserved in parasitic worms as well,
x-ray crystallography demonstrates the binding of thio-

Table 5. Drug MIC for Candida glabrata isolates.

Isolate Isolate Fluconazole Amphotericin B Auranofin
ATCC 90030 Reference 8 1 0.25
6891 Clinical 2 0.5 0.5
6922 Clinical 2 0.5 1
6927 Clinical 2 1 0.5
6930 Clinical 1 1 0.5
6931 Clinical 0.5 0.5 0.5
6932 Clinical 0.5 0.5 32
6943 Clinical 8 1 1
7110 Clinical 1 0.5 1
7117 Clinical 2 0.5 0.5
7221 Clinical 1 0.5 0.5
7255 Clinical 2 1 0.5
7815 Clinical 2 0.5 1
7869 Clinical 4 1 16
7871 Clinical 2 1 1
8066 Clinical 2 0.5 1
Concentrations are in pg/ml.
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Table 6. Drug MIC for Cryptococcus neoformans clinical isolates.

Isolate Amphotericin B
KN99a 0.125
BF113 0.125
BF114 <0.0625
41291 0.125
41292 0.125
41294 0.125
41295 0.125
41296 0.125
41297 0.125
41298 0.125
41299 0.125
41300 0.125
C31 0.125
F10 0.25
RNO1 0.25
WP 0.5
27JF 0.25
28JF 0.25
5396 0.25
90896 0.25
93 0.25
94 0.125
646B 0.125
975 0.125
9220 0.125
9272 0.125
9273 0.125
10131 0.125
10211 0.125
10264 0.125
10287 0.25
10335 0.125
10379 0.125
92868 0.25
Concentrations are in pg/ml.
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redoxin—glutathione reductase with auranofin. The
gold from the compound appears to be the inhibiting
portion of the molecule [23).

Our investigation into the bacteria target was
prompted by the previous findings that it inhibits the
thioredoxin system. The thioredoxin system is com-
prised of NADPH, thioredoxin reductase (TrxR) and

thioredoxin (Trx). In some systems the thioredoxin

system is backed up by the glutathione—glutaredoxin
(GSH) system. However, for many Gram-positive bac-
teria and some Gram-negative bacteria, the systems are
not redundant, leaving the thioredoxin system to serve
the essential task of defending against oxidative stresses
through disulfide reductase activity. Indeed, we found
that for both S. aureus and E. faecium, auranofin inhib-
itory activity was diminished with increasing concen-
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Figure 8. Glutathione antagonizes auranofin inhibition of Cryptococcus neoformans (see following page). (A) The
auranofin-driven inhibition of Cryptococcus neoformans is reduced by the addition of glutathione. The MIC
increases in a dose-dependent manner with increasing concentrations of the compound. The color chart provided
indicates that concentration of auranofin that was interrogated. (B) The MIC was reduced in combination

with diamide and (C) menadion.
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trations of glutathione. GSH is absent in S. aureus and
produced at very low levels for E. faecium [31.32]. The
thioredoxin system protects the cell against oxygen
species and maintains the intracellular thiol-disulfide
balance. Recent work by Harbut ez a/. demonstrate
that auranofin appears to target the thioredoxin system
of bacteria [29].

Oxide stressors threaten the bacteria, generated as
part of normal metabolic and physiological conditions.
Uziel et al. found that #7xA and #7xB both experienced
increased transcription in the presence of menadione,
reduced by thioredoxin in the presence of NADPH [33],
or diamide but were not responsive to hydrogen per-
oxide [34], mirroring the indications we found in our
checkerboard assay that indicate auranofin acts syner-
gistically with menadione and showed some additive
effect with diamide when tested with S. aureus.

As noted above, we present a finding that aurano-
fin inhibits C. albicans, C. tropicalis, C. glabrata and
C. neoformans. A previous report has suggested that
C. albicans and C. glabrata have susceptibility to aura-
nofin [35]. Notably, C. neoformans was inhibited at a
low MIC that was reduced even further by oxide stress-
ors. C. neoformans is a significant fungal pathogen to
susceptible patients, mostly immunocompromised
individuals. The finding that this particular fungal
pathogen is inhibited by auranofin is novel. Although
there are drugs to treat C. neoformans, they can require
prolonged use and can lead to toxic effects [3637].
Importantly, auranofin was effective at inhibiting
not only laboratory reference strains but also clinical
isolates for the fungi to which it exhibited the lowest
MICs, C. tropicalis, C. glabrata and C. neoformans,
extending the breadth of pathogens to which it exhib-
its inhibition. Further, our findings that glutathione
antagonizes auranofin suggests the thioredoxin system
is the likely target.

The thioredoxin reductase, TRRI, in C. neoformans
is essential for viability [27.28]. Missall and Lodge dem-
onstrated that 7RR/ is induced during oxidative stress
by hydrogen peroxide [27], the oxidizer that elicited
the greater additive effect when tested in combination
with auranofin. 7RRI is also found in the C. albicans
genome and responds to oxidative stresses [38]. The
difference in sensitivity between C. albicans and C.
neoformans could be associated with the diploid struc-
ture of the C. albicans genome versus the haploid of
C. neoformans, thus requiring more drug to inhibit
thioredoxin reductase. C. glabrata is also a haploid and
expressed sensitivity to auranofin with a lower MIC
than that of C. albicans. However, C. tropicalis is dip-
loid but is susceptible to auranofin. In additional to
ploidy, the availability of glutathione reductase may
also contribute to fungal cell auranofin sensitivity.

The less sensitive nature of C. albicans to aurano-
fin could also be associated with the reactive oxy-
gen species (ROS) detoxification contribution from
the four encoded glutathione genes (GRX1, GRX2,
GRX3 and GRX5). Further, C. glabrata is also
known to have glutathione but with only three cop-
ies encoded in the genome [39]. The status of gluta-
thione availability is not known for C. tropicalis or C.
parapsilosis, however, our investigations suggest that
glutathione is potentially encoded by these genomes.

Although we did not see significant reduction in
Candida albicans biofilm with application of aura-
nofin based on our test conditions, Siles ez /. found
inhibition to effective at 5 uM [40]. Our noncongru-
ent findings may be associated with the fact that we
used different assays comparing biofilm mass versus
cell viability (XTT) staining and differing medias.

With the continual emergence of drug-resistant
strains of bacteria (particularly S. aureus) and fungi,
additional therapy options are needed. Historically,
gold and silver have been known for antimicrobial
activities. Other gold complex compounds, such as
gold(I) N-heterocyclic carbene complexes, have dem-
onstrated broad spectrum antimicrobial activity [41].
This report suggests that auranofin could be reposi-
tioned as a new drug option for microbial infections,
particularly, S. aureus, E. faecium and C. neoformans.
Auranofin has the benefit of being FDA approved
(since 1985) to make clinical evaluation for the pur-
pose of reducing bacterial and fungal infections more
feasible. Further, this drug can be taken orally, a con-
trast to many of the current therapeutic options that
require intravenous delivery and thus could be ideal
for uncomplicated cases.

Conclusion

In summation, the thioredoxin reductase targeting
compound auranofin not only provides an exciting
compound for microbial inhibition, it also presents a
new anti-microbial target. Auranofin inhibits Gram-
positive bacteria with low MICs and even has the
promiscuity of inhibiting fungi. Within our group
of prohibited pathogens, we find that reference and
clinical strains are susceptible. Further, we find that
even drug resistance strains can be inhibited by
auranofin.

Future perspective

HTS with an amenable 77 vivo model has provided
a rapid, facile means of identifying new antimicro-
bial compounds. It is exciting that we now find the
compounds being identified are not restricted to
inhibiting the single pathogen to which they were
discovered. Further, the mining of FDA-approved
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compounds provides a source of new drugs that can
be repositioned as therapeutics with shortened routes
to reach patients. Although our screen was directed to
identify a compound that inhibits S. aureus we were
excited to find a compound with activity against fun-
gal pathogens. Importantly, the identification of this
compound directs our attention at developing drugs
that can inhibit the thioredoxin system as means to
control microbial infections, highlighting a potential
new class of antibiotics and antifungals.
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Executive summary

form of hydrogen peroxide or a thiol-oxidizing agent.

clinical isolates.

¢ Auranofin has antimicrobial properties inhibiting bacterial and fungal pathogens.

e This is the first report demonstrating the antifungal properties of auranofin against C. neoformans.

e Auranofin appears to target the thioredoxin system of C. neoformans, essential to viability.

e Auranofin appears to target the thioredoxin system of Gram-positive bacteria.

e The inhibitory activity of auranofin against C. neoformans is enhanced in the presence of oxide stressors in the

e Auraonfin appears to inhibit a range of microbial pathogens from Gram-positive bacteria to fungi (inclusive
of: B. subtilis, E. faecalis, E. faecium, S. aureus, C. albicans, C. tropicalis, C. glabrata and C. neoformans).
e The antimicrobial activity of auranofin is not restricted to laboratory reference strains but is retained against
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